In their paper, the authors used the injected parallel refractive index of lower hybrid waves (LHWs) to evaluate the anomalous Doppler resonant interaction of runaway electrons with LHWs. This led to the conclusion of no wave-particle resonant effect in FTU. This is not true when the upshift effect in the LHW spectrum is considered. The wave-particle resonant energy for the upshifted LHW spectrum is consistent with the measured runaway energy during the lower hybrid current drive phase, while the predicted runaway energy based on the loop voltage is much higher than the measured runaway energy after the injection of LHW power. This indicates that the rapid decrease in runaway energy after the injection of LHW power possibly results from the anomalous Doppler resonant effect. simulated by a test particle model taking into account the acceleration of the toroidal electric field, collisions with the plasma particles and the electron synchrotron radiation losses [2]. The runaway energy is well reproduced by the model during the Ohmic phase. There is a large deviation between the measured runaway energy and the energy predicted by such a model in the LHCD phase, as shown in figure 1 (see figure 9 in [1] ). The runaway energy is rapidly decreased after the injection of lower hybrid waves (LHWs). The decay time of runaway energy is much smaller than that predicted. Any pitch angle scattering process, increasing the energy perpendicular to the magnetic field and the power radiated by the electron, can lead to a decrease in the runaway energy. A very efficient mechanism to increase the pitch angle, and thus the synchrotron losses, which finally lead to the sharp reduction in the runaway energy, is the anomalous Doppler resonance of runaway electrons with LHWs.
PACS numbers: 52.25. Tx, 52.35.Hr, 52.55.Fa The paper (2005 Nucl. Fusion 45 1524) presents some very detailed analysis of the runaway dynamics in lower hybrid current drive (LHCD) plasmas and electron cyclotron resonance heating (ECRH) plasmas [1] . For FTU LHCD discharge No 17974, the runaway energy is simulated by a test particle model taking into account the acceleration of the toroidal electric field, collisions with the plasma particles and the electron synchrotron radiation losses [2] . The runaway energy is well reproduced by the model during the Ohmic phase. There is a large deviation between the measured runaway energy and the energy predicted by such a model in the LHCD phase, as shown in figure 1 (see figure 9 in [1] ). The runaway energy is rapidly decreased after the injection of lower hybrid waves (LHWs). The decay time of runaway energy is much smaller than that predicted. Any pitch angle scattering process, increasing the energy perpendicular to the magnetic field and the power radiated by the electron, can lead to a decrease in the runaway energy. A very efficient mechanism to increase the pitch angle, and thus the synchrotron losses, which finally lead to the sharp reduction in the runaway energy, is the anomalous Doppler resonance of runaway electrons with LHWs.
The anomalous Doppler resonance of runaway electrons with LHWs was discarded as the mechanism responsible for the reduction in the runaway energy. When an upshift in the parallel refractive index of LHWs is included, the anomalous Doppler resonance between the runaway electrons and LHWs is possible. As the LHWs propagate into the plasma, the injected N is generally upshifted by some factor β before the waves are effectively absorbed [3, 4] , then the parallel refractive index of LHWs in the plasma is N abs = βN . The energy for anomalous Doppler resonance of runaway electrons with LHWs is given by
Introduction
Control of the current density profile becomes a crucial issue in an advanced tokamak operation [1, 2] . Lower hybrid current drive (LHCD) is a powerful tool not only for sustaining the plasma current but also for current density control to achieve an advanced tokamak scenario [3] [4] [5] [6] . Additional heating and more reliable profile control are needed to tailor the current density profile and to increase the plasma β value for obtaining high performance discharges. Increasing the high confinement volume is a way of enhancing the plasma performance and
The achievement of steady-state operation and long pulse is one of the major challenges in the tokamak plasmas. One of the most effective means to sustain tokamak steady-state operation is noninductive current drive (NICD) by lower hybrid [LH] wave [1] . Lower hybrid current drive (LHCD) as an effective NICD tool has been demonstrated in many tokamaks [2, 3] . Current carrying fast electrons are generated by LH wave through parallel electron Landau damping (ELD) when the resonance condition is fulfilled. The fast electron distribution function is the result of the combined effects as follows: Coulomb slowing down, pitch angle scattering, the radial diffusion, and the acceleration of residual toroidal electric field [4] . Since the very beginning of LHCD experiments in tokamaks, it has been recognized that hard X-ray emission from fast electrons provides considerable information on the LH wave power deposition profile and the fast electrons distribution. The measurement of the FEB emission in the hard X-ray energy range is the most efficient means for the investigation of LHCD experiments in plasma physics [5] . It allows not only to determine the energy range of fast 
Electrons in a tokamak with energies higher than some critical energy are continuously accelerated by the toroidal electric field, i.e., they run away. Runaway electrons represent a major threat in tokamak machines due to the damage produced when they hit the first wall [1,2]. The energy limit of runaway electrons is investigated for the safer operation. The runaways may become a serious problem for the first wall in next machine (ITER). The effect of the runaway electrons when they impinge on the vessel walls or plasma facing components is strongly dependent on the energy gained in the electric field. The knowledge of the energy that can be reached by runaway electrons constitutes an essential tool to estimate this effect. The magnetic field ripple can play an important role on the runaways located in the edge region. The maximum energy of runaways in the edge region could be blocked by the resonance of gyromotion with the nth harmonic of the magnetic field ripple, which is favorable for reducing the effect of runaways on first * Corresponding author.
E-mail address: czy1003@ipp.ac.cn (Z.Y. Chen).
wall during disruptions [3] . In this Letter, the energy limit of runaway electrons in HT-7 is presented.
Experimental setup
HT-7 is a medium sized tokamak with superconducting toroidal coils and water-cooled graphite limiters in circular cross section [4] . It has a major radius of R 0 = 1.22 m, minor radius of a = 0.27. There are 24 superconducting toroidal field (TF) coils, which can create and maintain a toroidal magnetic field (B t ) of up to 2.5 T. The Ohmic heating system has an iron-core transformer with 1.7 VS flux. Twenty-four pieces of a ferromagnetic material (ferritic steel) have been installed inside the vacuum chamber, to be used for the reduction of the magnetic ripple. The ripple at the limiter radius of 27 cm is reduced from 4% to about 1.6% at B t = 2 T.
The measurement of runaways is performed by an infrared (IR) camera and three NaI scintillators [5] . The synchrotron radiation originated from the runaway electrons was measured by this IR camera. With a tangential viewing into the plasma in the direction of electron approach on the equatorial plane, the synchrotron radiation from the runaway electrons was measured in full poloidal cross section. The NaI scintillators are arranged
Introduction
The achievement of steady-state operation and long pulse is one of the major challenges in the tokamak plasmas. Lower hybrid current drive (LHCD) as an effective non-inductive current drive tool has been demonstrated in many tokamaks [1] [2] [3] . Current carrying fast electrons are generated by lower hybrid (LH) waves through parallel electron Landau damping when the resonance condition is fulfilled. The fast electron distribution function is the result of the combined effects as follows: Coulomb slowing down, pitch angle scattering, the radial diffusion, and the acceleration of residual toroidal electric field [4] . The collisional drag force of the bulk plasma exerted on fast electrons decreases with increasing electron velocity. Electrons that exceed the critical velocity (for which the collisional drag balances the acceleration by the field) are freely accelerated and can reach very high energies, i.e., they run away [5, 6] . When the acceleration of the fast electrons by the residual electric field is dominated over the slowing down, the fast electrons tend to run away. There are two situations for fast electrons become seed population of runaways. In LHCD plasmas with high power, during LHCD phase, the loop voltage decreases due to fast electrons carrying partial current. The fast electrons can achieve several hundreds keV energy due to the acceleration by residual electric field. When the LH power is turned off, the loop voltage increases and the energetic fast electron tail with energy higher than the critical energy become runaways. In another situation, when the LH power is very low, the loop voltage will remain at a high level. When the fast electron tail built up by the LH waves and electric field achieved energy higher than the critical energy, the fast electrons become runaways. In high loop voltage environments, the fast electron tail act as seed population of runaway electrons.
The fast electron bremsstrahlung (FEB) emission results from the collisions between the fast electrons and the bulk plasma ions in the energy range 20-300 keV, which corresponds to the domain of acceleration of the energetic electrons by the LH waves, provide considerable A thermographic camera and four hard x-ray detectors have been developed to measure the runaway electrons in the HT-7 tokamak. The synchrotron radiation originated from the runaway electrons was measured by an infrared ͑IR͒ camera working in the wavelength ranges of 7.5-13 m. With a tangential viewing into the plasma in the direction of the electron approach on the equatorial plane, the synchrotron radiation from the runaway electrons was measured in a full poloidal cross section. Three NaI scintillators are used to monitor the hard x-ray radiation ͑HXR͒ in the energy ranges of 0.5-7 MeV, and a CdTe detector is used to monitor the low-energy HXR in the energy ranges of 0.3-1.2 MeV. The combination of infrared camera and hard x-ray detectors provides a powerful tool to investigate the runaway electron dynamics in HT-7. Runaways in the core and edge regions are monitored simultaneously. 
I. INTRODUCTION
In tokamak plasmas, the plasma currents are usually driven by the electric field induced by the transformer principle. Electrons are accelerated by the electric field, but they also experience friction due to collisions with ions and other electrons. The friction is inversely proportional to the square of the electron velocity. A small part of the total electron population has a sufficiently large velocity to escape from the influence of the friction. Electrons that exceed the critical velocity ͑for which the collisional drag balances the acceleration by the field͒ are freely accelerated and can reach very high energies. These electrons are called runaway electrons.
The runaway electrons are investigated for several reasons. One of the outstanding problems of a tokamak fusion reactor is the possible damage caused by runaway electrons.
1,2 The effect of the runaway electrons when they impinge on the vessel walls or plasma facing components is strongly dependent on the energy gained in the electric field. The knowledge of the energy that can be reached by runaway electrons constitutes an essential tool to estimate the effect. Another puzzle in plasma physics is the anomalous heat transport.
3 Transport induced by electrostatic fluctuations is inversely proportional to the particle velocity. Because of their large velocity, runaway electrons can be regarded as effectively collisionless, and the transport of runaway electrons is mainly determined by the magnetic perturbations. Therefore, a runaway electron is an effective test particle to probe the magnetic fluctuations. [4] [5] [6] Detecting of runway electrons is usually done by measuring hard x-ray radiation ͑HXR͒ when runway electrons are lost from the plasma and impinge on the vessel walls or plasma-facing components.
7 A gamma-ray spectrometer system has been used to investigate the behavior of runaways in the Frascati Tokamak Upgrade ͑FTU͒. 8,9 However, this detection of HXR cannot measure the runaway electrons directly. It only measures those runaways that are no longer confined. Also, it is difficult to relate the measured signal to the runaway electrons in the core. The synchrotron radiation, originating from the movement of highly relativistic electrons in the toroidal direction, provides a tool to measure the runaway electrons inside the plasma. Runaway electron dynamics has been extensively studied in TEXTOR-94 by measuring the synchrotron radiation with an infrared ͑IR͒ camera.
10,11
The magnetic field ripple can play an important role on the runaways located in the edge region. The maximum energy of runaways in the edge region could be blocked by the resonance of gyromotion with the nth harmonic of the magnetic field ripple.
12 In order to obtain detailed information on the dynamics of a runaway beam and the interaction of edge runaways with magnetic field ripple simultaneously, the runaway electrons have been measured recently in combination with hard x-ray detectors and a thermographic camera in the HT-7 tokamak. The parameters of a runaway beam in the core are deduced from the IR pictures, and the interaction of a runaway electron with toroidal magnetic field ripple is observed from the HXR emission.
After an introduction into the HT-7 machine and runaway electron diagnostics in Sec. II, the experimental results from typical runaway discharges are presented in Sec. III, and the runaway electron dynamics is analyzed by a combination of the HXR and IR signals. Finally, a summary is presented in Sec. IV.
II. EXPERIMENTAL SETUP
HT-7 is a medium-sized tokamak with superconducting toroidal coils and water-cooled graphite limiters in a circular cross section. 13 It has a major radius of R 0 = 1.22 m, a minor a͒ Author to whom correspondence should be addressed; electronic mail: czy1003@ipp.ac.cn
Introduction
Lower hybrid (LH) waves [1] are routinely used to drive currents in tokamak plasmas noninductively, thus significantly extending the tokamak operation space to long-pulse, steady state discharges [2, 3] . A variety of lower hybrid current drive (LHCD) applications have been displayed [4] . In addition to maintaining steady state currents, the lower hybrid (LH) waves have also been used to start up and ramp up the tokamak plasma current as well as to heat electrons during LHCD experiments [5] . The use of LH waves to recharge the transformer has been demonstrated [6] . Currently, the most customary use of LHCD in tokamaks is in conjunction with ohmically driven currents. Runaways have important effects on current ramp-up efficiency [4] . Current carrying fast electrons are generated by LH waves through parallel electron Landau damping when the resonance condition is fulfilled. The collisional drag force of the bulk plasma exerted on fast electrons decreases with the increase in the electron velocity. Electrons Improved lower hybrid current drive efficiency with IBW heating in the HT-7 tokamak
The steady-state operation of tokamak plasmas is one of the basic requirements of fusion reactors. Lower hybrid current drive (LHCD) is a powerful tool not only for sustaining the non-inductive current but also for current density control to achieve an advanced tokamak scenario [1] [2] [3] [4] [5] [6] . The achievement of high current drive efficiency is of primary importance since it determines the required power that must be recycled to sustain the plasma current. Usually the lower hybrid (LH) power is absorbed in multi-pass, this limit the LHCD efficiency [7, 8] .
Ion Bernstein waves (IBWs) are efficient for heating the bulk ions of the plasma at a given harmonic resonance. However, IBWs can also be used to heat the electron population directly due to the sharp increase of the parallel refraction index n along the wave trajectory [9] [10] [11] [12] [13] [14] . The parallel wave number, n , of IBW is an oscillating function along the ray trajectory in the Wentzel-Kramers-Brillouin-Jeffrey (WKBJ) approximation [9, 14] . In the spatial regions near the n maximum values, IBWs damp their power via electron Landau damping (ELD) and induce a quasilinear modification of the distribution function since the IBW electric field is proportional to |n | 3 [14] . Some thermal electrons, interacting with the IBW's electric field, are extracted from the bulk and the resulting distribution function is broadened in the velocity space [13, 14] . When IBWs are used in conjunction with LH waves, a synergistic effect is possible. In the presence of IBW power injection, the LH wave spectrum intersects the broader distribution function as shown in Figs. 8 and 11 in Ref. [14] . This causes partial LH power to be absorbed in the first pass and an increase in the current drive efficiency. The IBWs cannot drive net plasma current via ELD because the n spectrum launched changes continuously from positive to negative values, e.g., the driven current I IBW is zero [14] . The current driven by the simultaneous use of the two waves, I LH+IBW , can be larger than the sum of the currents separately
